Introduction
T h e flavoprotein disulphide oxidoreductases constitute a growing family of homologous dimeric enzymes, with an important and diverse range of functions in vivo. Among its members are dihydrolipoyl dehydrogenase, glutathione reductase, mercuric reductase, thioredoxin reductase, trypanothione reductase and a related enzyme, NADPH peroxidase (for recent reviews of their structures and properties, see [1,2]). The threedimensional structures of glutathione reductase (GR) from human erythrocytes [3, 4] and Escherichia coli [ 5 ] have been determined, as have the structures of hotobacter vinelandii and Pseudomonas Juorescens dihydrolipoyl dehydrogenases [6, 7] , Bacillus sp. mercuric reductase [8] , E. coli thioredoxin reductase [9] , Crithidia fasciculata and Typanosoma cruzi trypanothione reductases [ 10-121 and Streptococcus faecalis NADPH peroxidase [13] . In keeping with a measure of similarity in their amino acid sequences, these proteins exhibit an overall structural similarity, although with some important and interesting differences [2] . In general, each subunit (Mr approx. 55 000) consists of four well-delineated domains: an FAD-binding domain and an NAD(P)H-binding domain (both Rossmann folds), as well as a smaller central domain and a large interface domain that contains most of the inter-subunit contacts ( Figure 1 ). Why are these enzymes dimeric? T h e obvious answer, apparent from the crystal structures described above, is that in each enzyme the two active sites are located at the dimer interface related by a two-fold axis, and that each active site contains essential amino acid side chains contributed by both subunits. Thus, the monomer alone cannot be catalytically active. However, in E. coli GR at least, it is clear that the active sites function independently, since hybrid dimers can be constructed with only one functional
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active site, yet the kinetic parameters remain unchanged from those of the wild-type enzyme [30] . Thus, the dimer interface is not required to transmit subunit interactions, as in oligomeric enzymes that exhibit positive or negative cooperativity, but can be perceived as having the more humble role of simply ensuring that the protomers of the flavoprotein oxidoreductases assemble correctly and thereby generate the two active sites.
In human and E. coli GR, this interface comprises two distinct parts, which are structurally dissimilar and separated by a solvent-filled cavity [4, 5] . T h e larger ('upper') part is generated exclusively by the C-terminal interface domain, which is the most rigid and best conserved region of the enzyme. T h e smaller ('lower') part is made up of extensions from the N-terminal FAD-binding domain (Figure 1 ) and this, the most flexible region of the molecule, is relatively poorly conserved. It appears from the crystal structure that the lower part makes little or no contribution to dimer stability [4] ; in keeping with this conclusion, neither the introduction of an inter-subunit disulphide bridge at position 75 in this region of the E. coli enzyme [31] nor the introduction of mutually repelling electrostatic charges in the same position (N. S. Scrutton, A. Berry and R. N. Perham, unpublished work) has any detectable effect on the thermal stability of the protein. In contrast, a single amino acid replacement (G418W) in the upper interface domain, where the two subunits are most intimately juxtaposed across the two fold axis, causes a significant destabilization of the enzyme, presumably reflected in a perturbation of the protein structure, which is accompanied most remarkably by the acquisition of co-operative kinetics with respect to the substrate glutathione [32] . T h e most plausible explanation of this, the first description of co-operativity conferred by a mutation spatially remote from an enzyme active site, is a switch of catalytic mechanism from the wild-type ping-pong to one involving ternary complex formation through two different routes, one of which is kinetically favoured [32, 33] .
In the present article, we review recent experiments that tackle two other fundamental problems of protein structure, namely the folding autonomy and stability of domains in globular proteins, and biomolecular assembly as a process of domain-domain interaction.
Solubilizing the interface domain of glutathione reductase
Autonomously folded domains are generally at their most obvious in multifunctional proteins, from which they can often be released by limited proteolysis with retention, in whole or part, of their particular biological function [ 15,341. With many proteins, however, the domains are intimately incorporated into the three-dimensional structure of the protein, making important contacts with other component parts of the overall structure. In such instances, the domain cannot be released by limited proteolysis and its exist-
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Flavoproteins: Structures and Mechanisms ence has hitherto been inferred from the occurrence of its characteristic folding topology in different proteins [35] . A typical example is the dinucleotide-binding domain (Rossmann fold) found in most dehydrogenases, including the flavoprotein disulphide oxidoreductases ( Figure   I ), where its role in binding the co-enzyme and dictating the specificity of the interaction is now well established [25] [26] [27] 361 .
T o provide a more direct test of the concept of the autonomous folding domain, we attempted to create a separate interface region of the dimeric GR. In E. coli GR, the interface domain (INT)o constitutes the upper part (an area of 2010 A') of the dimer interface and is stabilized by a central five-fold b-pleated sheet [5] . It embodies most of the inter-subunit contacts ( Figure 1) . A subgene encoding what would potentially be the separate domain (residues 334-450, M , 12800) was created, and when this was overexpressed in E. coli from a suitable plasmid a soluble protein domain could be purified [37] . However, the preparation contained aggregates far in excess of the expected dimer, presumably because the hydrophobic regions normally involved in important contacts with the NADP-binding and FAD-binding domains, in particular, were left exposed on the surface of the excised domain. These contact regions were therefore identified (Figure 2) and systematically redesigned by the suitable introduction of charged and hydrophilic amino acid residues (I339E, V343S, 1349s on the surface abutting the NADP-binding domain and M378E, V382S, T383S and T384S on the surface abutting the FAD-binding domain).
In this way it proved possible to generate a soluble domain (INTF") whose general folding appeared to be native-like and which was still capable of specific dimerization [37] . However, the equilibrium dissociation constant of the INTFN dimer was estimated to be approx. 25,uM, some three orders of magnitude higher than that of the native GR dimer. It remains to be deter- 
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mined whether this decrease in affinity is due to the absence of interactions contributed by the lower interface region of GR, an area of 1590 A' [S] , or to conformational changes in the isolated domain [37] . Nonetheless, it appears that the conformational stability of the interface domain is derived predominantly from internal contacts, rather than from interactions with other domains in the native enzyme. Our results provide direct experimental evidence for the autonomous folding of a protein domain and underline the possibility of protein evolution by accretion of individual domains, possibly by a process of gene fusion and exon shuffling [38, 39] .
Domain-domain interaction in the assembly of 2-0x0 acid dehydrogenase complexes
The successful expression of the interface domain of E. coli GR, and subsequent elimination of unwanted aggregation by means of a rational redesign of the freshly exposed hydrophobic surface, suggested a means of exploring an important aspect of the assembly of 2-0x0 acid dehydrogenase complexes. T h e dihydrolipoyl acetyltransferase (E2) polypeptide chain of the pyruvate dehydrogenase (PDH) complex of Bacillus stearothemophilus aggregates with icosahedral symmetry to provide the structural core around which the enzyme complex is assembled. Each E2 chain contains a small (approx. 35 amino acid residue) peripheral subunit-binding domain [40] responsible for binding the dihydrolipoyl dehydrogenase (E3) and pyruvate decarboxylase (E 1) components [ 151. The stoichiometry of binding is unexpected: the E3 dimer binds only one binding domain [41] , as does the E l (a&) tetramer, a dimer of dimers [42] . There is also a fascinating hint of similarity between the structures of the peripheral subunitbinding domain and part of the dimer interface of E3, which may have some evolutionary significance [43] . In the light of these observations, it has been postulated that the binding site on the E3 dimer (or E l tetramer) must lie at or near the C-2 axis of symmetry [42] .
The potential binding surface at the upper end of the C-2 axis of the E3 dimer is contributed by the interface domain of E3, whereas at the lower end it is composed of the FAD domain extensions (Figure 1 ). There is no crystal structure available yet for B. stearothemophilus E3, but the sequence similarity (34% identity overall, rising to 41% identity in the interface domain) is sufficient for that of the A. vinelandii enzyme [6] to be used as a model. A subgene encoding the putative interface domain (residues 343-470, M , 13 300) of B. stearothemophilus E3 was created and expressed in E. coli from a suitable expression vector. As with the E. coli GR INT domain, a soluble domain could be purified that was found to aggregate beyond the expected dimer form. Redesign of the freshly exposed hydrophobic surface was therefore undertaken. Four residues in contact with the FAD-binding domain (L389D, A390S, L391A and I465G) and three residues abutting the NAD-binding or central domains (I348D, V352N and I443N) were changed ( Figure 2) . As judged by C D spectroscopy (results not shown), the redesigned domain retained a secondary structure compatible with its structure in the intact E3 (Figure 2 ) and the ability to form a specific dimer.
When this E3 interface domain dirner was mixed with the peripheral subunit-binding domain from the B. steurothennophilus E2 chain (in the form of a di-domain with the N-terminal lipoyl domain [41] ), it was found to form a complex, as shown by non-denaturing polyacrylamide gel electrophoresis (Figure 3) . In an identical experiment, no interaction with the GR INTFN dimer was observed, although the interface 
Autonomy of domains in the reversible unfolding process
In view of the autonomous folding of the interface domain from both GR and E3 demonstrated above, we have also begun an investigation of the folding properties of the other domains in these enzymes. There is relatively little prior art in this area, since most protein folding studies have, for very good technical reasons, concentrated on small to medium-sized proteins, in most cases no larger than one of the constituent domains of a flavoprotein disulphide oxidoreductase polypeptide chain. The exceptionally well-defined domains in GR and E3 make these proteins unusually favourable subjects for such a study. In E. coli GR, the binding of FAD by the FAD-binding domain and a covering of the FADbinding site by a nearby tyrosine residue from the NADP-binding domain [5, 18] is accompanied by a quenching of FAD fluorescence and subtle alterations in the FAD absorption spectrum. This enabled us to monitor the capacity of the FAD-binding domain to bind its cofactor. Likewise, the structure of the NADP-binding domain can be tested by the ability of GR to bind to a 2'5'-ADP-Sepharose column, and the interaction of the bound FAD and NADP can be detected by the acquisition of transhydrogenase activity. Circular dichroism and assay of catalytic activity provide more global tests of secondary, tertiary and quaternary structure (only the dimer can catalyse the overall reaction). Our initial experiments, and the reversible unfolding of the GR INT domain [37] , lead us to conclude that it is possible to see differences between the constitutent domains of GR during the unfolding of the protein in both guanidinium chloride and urea. Additional insights may be available from a study of closely related enzymes: for example, a mutation in the upper region of the human GR interface region, similar to the G418W mutation that confers co-operativity on E. coli GR [32, 33] , substantially disrupts the human enzyme [44] . It will be interesting to compare the results with predictions made possible by the high-resolution crystal structures of the enzymes [4, 5] .
Conclusions
Recognition between the subunits of an oligomeric protein must be highly specific to guard against adventitious assembly with the subunits of other, even homologous, proteins in the same cell. At the same time, the subunit interactions must be sufficiently strong to maintain the assembled structure. Many interesting proteins, especially those that function within the cell, are oligomeric. Likewise, many proteins are being found to consist of mosaics of folding domains and sequence motifs generally recognized hitherto only in sequence alignments or, more convincingly perhaps, in high-resolution threedimensional structures. The experiments described above outline a general technology for the creation of soluble forms of putative folding domains from globular proteins and open the way to a study of protein folding and assembly at the level of individual folding units. Apart from their own intrinsic interest, the flavoprotein disulphide oxidoreductases offer many opportunities to pursue these fundamental questions of protein structure in more detail. 
